Hypophosphatemic rickets/osteomalacia is characterized by defective renal phosphate reabsorption and abnormal bone mineralization. Hypophosphatemic rickets/osteomalacia consists of inherited and acquired forms, many of which have unknown aetiology. In the present study, next-generation sequencing-based resequencing was used on samples from chinese subjects with hypophosphatemic rickets/osteomalacia, aiming to detect the spectrum of pathogenic genes in these patients. A total of 86 hypophosphatemic rickets/osteomalacia patients (ranging from 3 to 70 years old) were recruited. Patients with tumour-induced osteomalacia (TIO), renal tubular acidosis, renal osteodystrophy, and adefovir-induced Fanconi syndrome were excluded. Targeted massively parallel resequencing of 196 candidate genes for hypophosphatemic rickets/osteomalacia was performed in the 86 affected unrelated individuals (cases) and in 100 unrelated healthy controls to identify new genes and mutations in known genes that cause hypophosphatemic rickets/osteomalacia. The results identified seven phosphate-regulating gene with homologies to endopeptidases on the X chromosome (PHEX) mutations (of which two were novel) and one novel dentin matrix protein 1 (DMP1) mutation in eight patients. Following targeted exome sequencing data analysis, 14 candidate disease-related gene loci were selected, two of which were of most concern regarding disease severity. Further validation of the present results is warranted, with additional sequencing projects and functional tests. To our knowledge, the present study is the largest cohort of cases with hypophosphatemic rickets/osteomalacia to undergo targeted resequencing. The diagnosis and understanding of the molecular aetiologies of these disorders will be improved by this fast and efficient approach.
Introduction
Hypophosphatemic rickets/osteomalacia consists of inherited and acquired forms that share a common pathophysiology and clinical features (1) . In hereditary cases, X-linked hypophosphatemic rickets, due to inactivating mutations in the gene encoding phosphate regulating gene with homologies to endopeptidases on the X chromosome (PHEX; MIM 300550), is the most common (2). To date, >339 different PHEX mutations have been described in patients with hypophosphatemic rickets; these mutations include nonsense mutations, missense mutations, splicing site mutations, insertions, and deletions in different positions (http://www.phexdb.mcgill.ca/; accessed January 2018). Subsequently, mutations in several other genes responsible for rare forms of hypophosphatemic rickets/osteomalacia have been identified (Table I) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
A specific molecular diagnosis of hypophosphatemic rickets/osteomalacia can help clinical diagnosis, improve the mental health of patients, direct therapeutic interventions, including reproductive counselling, and provide a better understanding of disease pathogenesis (13, 14) . However, it has been difficult to determine the specific mutations in hypophosphatemic rickets/osteomalacia because of their extensive genetic heterogeneity, which so far involves 7 known genes and potentially many more unknown genes. The genetic backgrounds overlap, and clinical ambiguities for some types of hypophosphatemic rickets/osteomalacia further increase the difficulties in determining causative mutations, because no specific panel of hypophosphatemic rickets/osteomalacia genes can be predicted in these circumstances.
Detection of specific mutations among many candidate genes by conventional techniques is challenging. Two standard methods, homozygosity mapping and linkage analysis, used to localize a genetic defect, require either a sufficient number of informative meiotic events in a family or a number of individual families with similar phenotypes. Sanger sequencing can be used for mutation screening, but if a large number of genes need to be tested, it is often expensive and time-prohibitive. compared with these approaches, next-generation massively parallel sequencing (MPS) with various applications offers high sensitivity and rate of variation detection and is currently considered an efficient method for gene mutation screening (15) (16) (17) .
Targeted resequencing of phosphorus metabolism-related genes in 86 patients with hypophosphatemic rickets/osteomalacia
In the present study, 86 chinese patients with hypophosphatemic rickets/osteomalacia were recruited, excluding patients with Fanconi syndrome, renal tubular acidosis, chronic renal failure or tumour-induced osteomalacia (TIO). Then, genetic studies were performed to investigate the pathogenic genes in these patients. A novel testing panel was designed and validated using a single diagnostic platform to facilitate the sequencing of multiple genes that may cause some of the common forms of hypophosphatemic rickets/osteomalacia. The panel included 196 target genes implicated in hypophosphatemic rickets/osteomalacia.
Materials and methods
Subjects. The present study was approved by the Ethics Committee of the Shanghai Jiao Tong University-Affiliated Sixth People's Hospital [Shanghai, China; nos. 2013-87 and 2014-KY-001(k)]. All the subjects were Han chinese and recruited by the department of Osteoporosis and Bone diseases; signed informed consent was obtained from the subjects prior to participation in the study. Written informed consent and permissions were obtained from the parents on behalf of the minors/child participants involved in the study. consent to publish was also obtained from all the participants regarding the reporting of these patients' data.
The subjects were enrolled in the study at the department of Osteoporosis and Bone diseases in Shanghai Jiao Tong University Affiliated Sixth People's Hospital between October 2014 and July 2017. Eighty-six patients with hypophosphatemic rickets/osteomalacia and 100 unrelated, healthy, ethnic-matched controls (50 males and 50 females, 64.5±9.1 years old, chinese Han ethnicity) were examined in the present study. Among the 86 patients with hypophosphatemic rickets/osteomalacia, seven had a family history of the disease (Fig. 1 ). Twelve of the hypophosphatemic rickets patients were <18 years old, with an average age of 10.4±5.6 years. Seventy-four of the osteomalacia patients were >18 years of age, with an average age of 42.1±15.5 years. The clinical manifestations of these hypophosphatemic rickets/osteomalacia patients included short stature, bone pain, lower extremity deformities, calcification of the ligaments, and dental abnormalities. The serum phosphate levels of the majority of patients were <0.7 mmol/l (normal range is 0.8-1.6 mmol/l for adults and 1.29-1.94 mmol/l for patients aged 2-18 years), and serum alkaline phosphatase levels exhibited by the majority of patients were >160 u/l (normal range is 15-112 u/l for adults and 58-400 u/l for patients aged from 2-18 years) (18) . The principal characteristics of these patients are listed in Table II. A total of 186 dNA samples were extracted from peripheral white blood cells obtained from each of the subjects using conventional methods. Medical histories were obtained, and physical, audiological, and radiological examinations were performed for the subjects. Serum fibroblast growth factor 23 (FGF23) levels were measured for all the patients. 18 F-fluorodeoxyglucose positron emission tomography and computed tomography ( 18 F-FdG PET/cT) and 99mTc-octreotide (99mTc-OcT) scintigraphy were performed on 10 and 20 of the patients, respectively. These patients were diagnosed with hypophosphatemic rickets/osteomalacia based on their clinical features, medical history, physical examination, plain radiography, radionuclide bone scan, elevated alkaline phosphatase (ALP) levels, and normal 18 F-FdG PET/cT and 99mTc-OcT results. Acquired hypophosphatemic rickets/osteomalacia patients were not included in the present study, such as those with TIO, renal tubular acidosis, renal osteodystrophy, and adefovir-induced Fanconi syndrome.
Candidate gene selection. A total of 196 genes were selected for the target gene capture presented in the current study. These genes were selected after exploring public Internet databases, such as PubMed. Genes that may affect phosphate homeostasis and skeletal mineralization were selected. Key words, including 'PTH related genes', 'FGF23 related genes', 'Phosphate transporters', 'Osteoblast related genes', 'Wnt signalling pathway related genes' and 'vitamin d pathway genes', were included in the search. The Gene Expression Omnibus (GEO) profiles tool from the National Center for Biotechnology Information (NcBI) was used to evaluate expression patterns of the selected genes. All of the genes designated in the targeted gene capture sequencing are listed in Table III. DNA extraction and next-generation sequencing. Samples of 2 ml peripheral blood were obtained from the individuals. QIAamp dNA blood kits (Qiagen GmbH, Hilden, Germany) were used to isolate genomic dNA from the blood samples, according to the manufacturer's standard procedure. Then, dNA purity was tested by calculating the ratio of the absorbance measurements at 260 and 280 nm, using an Invitrogen Qbit spectrophotometer. The genomic dNA was sheared using custom capture oligonucleotides were designed using the Suredesign website from Agilent Technologies, Inc. (Santa clara, cA, USA). The hybridization reactions were performed on an AB2720 Thermal Cycler (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with the following hybridization conditions: The hybridization mixture was incubated for 16 or 24 h at 65˚C with a heated lid at 105˚C, and following hybridization the hybridization mixture was captured and washed with magnetic beads (Invitrogen; Thermo Fisher Scientific, Inc.) and the SureSelect Target Enrichment kit (Agilent Technologies, Inc.).
The capture products were enriched under the following cycling conditions: 98˚C for 30 sec, followed by 10 cycles of 98˚C for 10 sec, 60˚C for 30 sec, and 72˚C for 30 sec, and a final step of 72˚C for 5 min. Several of the libraries were pooled, and then, bridge amplification was performed using a cBot (Illumina, Inc.), according to the manufacturer's standard cluster generation protocols. Following hybridization of the sequencing primer, base incorporation was conducted using a HiSeq Sequencer (Illumina, Inc.), according to the manufacturer's standard sequencing protocols, for 101 cycles of sequencing per read to generate the paired-end reads, which included 100 bps at each end and 6 bps of the index tag.
One hundred and ninety-six gene coding and UTR regions, 2,000 promoter regions and 25 bp from the splice site probes were designed. The total probe length was 1 M, with the number 15099.
Targeted sequencing data analysis. Targeted sequencing was performed by the center for Genetic & Genomic Analysis, Genesky Biotechnologies Inc. (Shanghai, china). All 186 samples were sequenced together to an average coverage of 101.5x for each sample (median 263.575 Mb per sample). The mean target rate with at least 20X is 88.30%, the mean target rate with at least 10X is 93.06%, and the mean target rate with at least 1X is 98.34%. Paired-end sequencing was conducted for 100 bases from each end of the ~200-bp insert fragment libraries using standard Illumina protocols, and each read was aligned to hg19 (February 2009 GRch37/hg19) from the University of california Santa cruz (UcSc) Genome Browser using Burrows-Wheeler Aligner (BWA) with default parameters. Polymerase chain reaction (PcR) duplicates with the same start site for both ends were removed using Picard tools. Variants were called using Genome Analysis Toolkit (GATK) 1.6 tools. The variant quality score recalibration (VQSR) method, which builds an adaptive error model using known variant sites, was applied to estimate the probability that each variant is a true genetic variant or a machine artefact. The variants were annotated using functional annotation of genetic variants from high-throughput sequencing data, and all of the PHEX, phosphate-regulating gene with homologies to endopeptidases on the X chromosome; FGF23, fibroblast growth factor 23; DMP1, dentin matrix protein 1; ENNP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; FAM20c, family with sequence similarity 20 member c; SLc34A3, solute carrier family 34 member c; cLcN5, chloride voltage-gated channel 5. Quartiles (Q1 and Q3) were used to describe these data. ALP, alkaline phosphatase; FGF23, fibroblast growth factor 23; 99mTc-TOC, 99mTc-octreotide; 18 F-FdG PET/cT, 18 F-fluorodeoxyglucose positron emission tomography/computed tomography.
annotation databases downloaded from the UcSc Genome Browser. Variants were further filtered using the following criteria: SNP and indel quality score ≥100; and genotype score as a Phred-scaled confidence at the true genotype ≥40.0. The number of read depths for mapping the read quality ≥17 was calculated as ≥20. Then, functional variants were selected by examining whether they were within the protein coding sequence or splicing sites as defined by RefSeq gene models. ) and analysed using an ABI 3130 automatic sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.) following standard methods. One pair of primers was designed to detect known mutations in the DMP1 gene in patient 8. The following DMP1 primers were designed using Primer3: P7F, GcA GGG AAc TTG AcA ATG AGG; and P7R, GGG TTA TcT ccc cTG GAc TcA. direct nucleotide sequencing was performed using the Big-dye Terminator cycle Sequencing Ready Reaction kit version 3.1 and analysed using an ABI 3130 automatic sequencer, following standard methods.
Following confirmation among these 8 patients, Sanger confirmation was completed on their family members.
Fourteen variants via Sanger confirmation.
A total of 14 mutation sites were sequenced from 12 genes from patients according to the targeted exome sequencing data. The primers were designed using Primer3 (Table V) . direct nucleotide sequencing was performed using the Big-dye Terminator cycle Sequencing Ready Reaction kit version 3.1 and analysed using an ABI 3130 automatic sequencer, following standard methods.
Measuring circulating intact FGF23 levels. Serum FGF23 levels were measured using an intact human FGF23 ELISA kit obtained from Kainos Laboratories Inc. (Tokyo, Japan; cat. no. cY-4000). The detectable concentration ranged from 3 to 800 pg/ml. This assay was validated in our previous study (19) . Table V . Primer sequences used to amplify the 14 variants. chromosome Cited paper PubMed ID 27840894 [19] 22713460 [21] N 14564077 [22] 16303832 [23] 22713460 [21] are heterozygous carriers PHEX, phosphate-regulating gene with homologies to endopeptidases on the X chromosome; dMP1, dentin matrix protein 1; HR, hypophosphatemic rickets.
Statistical analysis. Normally distributed variables are presented as the mean ± standard deviation, and non-normally distributed variables as the median (25 and 75th percentiles). P<0.05 was considered to indicate a statistically significant differences. Statistical analyses were performed using SPSS 13.0 software (SPSS Inc., chicago, IL, USA).
Results
Variants in known reported disease-related genes discovered in the present cohort. In the current targeted next-generation sequencing (NGS) study, the mean read depth of the target regions was greater than 100x for all of the subjects (data not shown). A total of 86 patients with biochemically and clinically confirmed hypophosphatemic rickets/osteomalacia and 100 unrelated healthy controls were included. Following selection of candidate disease-related gene loci, seven different PHEX (located on the X chromosome at Xp22.1) mutations were identified in seven unrelated patients, two of which were novel according to the PHEX Locus database (http://www.phexdb. mcgill.ca/; accessed January 2018) (20) . Table VI contains a complete description of the identified mutations (21) (22) (23) . The seven PHEX mutations included three missense and four stop-gain mutations. In addition, one novel nonsense mutation (c.730G>T, p.Glu244X) was identified in exon 6 of DMP1 (MIM 600980) that was located at 4q21 (4) in an 18-year-old boy (Table VI) ; this result was confirmed according to HGMD (http://www.hgmd.org/) and a reference review. Autosomal recessive hypophosphatemic rickets (MIM 241520) is defined by mutations in DMP1. DMP1 belongs to a group of genes encoding a class of bone and tooth noncollagenous matrix proteins known as SIBLING (small integrin-binding ligand, N-linked glycoproteins) (24) . In family 8, the proband (IV-1), an 18-year-old boy, was born full-term from a consanguineous marriage. He was the only patient in the family. At 18 months of age, the patient complained of painful legs and displayed varus knee. His height is 145 cm and weight is 45 kg. Additionally, he had poor dental development, with normal vision and hearing. His serum ALP, ca, and P levels were 741U/l, 2.46 and 0.76 mmol/l, respectively. The radiograph shows his lower extremity genu varus deformities (Fig. 2) . The clinical features of the affected individuals in these eight families are listed in Table VII .
Pathogenic mutation prediction and Sanger confirmation.
After filtering out the non-functional variants, the remaining nonsynonymous or frameshift single nucleotide variants (SNVs) were assessed as the damaging effect. Mutation deleterious predictions for these mutations were performed by using sorting intolerant from tolerant (SIFT) algorithm, polymorphism phenotyping v2 (PolyPhen2) algorithm and MutationTaster. Then, the 14 heterozygous variants from 12 genes were determined. According to the Exome Aggregation consortium database, 4 variants were novel, and the other 10 variants were rare or vary rare variants (Table VIII) . These genes included secreted frizzled related protein 4 (SFRP49), fibrillin 3 (FBN3), cytochrome P450 family 1 subfamily A member 1 (CYP1A1), AT-rich interaction domain 2 (ARID2), otolin 1 (OTOL1), dedicator of cytokinesis 6 (DOCK6), platelet-derived growth factor receptor β polypeptide (PDGFRB), solute carrier family 20 member 1 (SLC20A1), integrin subunit β 4 (ITGB4), non-SMc condensin I complex subunit G (NCAPG), platelet-derived growth factor subunit A (PDGFA), and zinc finger protein 184 (ZNF184). The variants were confirmed by Sanger sequencing. These 14 patients did not have family histories, and two of the patients were younger than 18 years old. They all had typical clinical manifestations of hypophosphatemic rickets/osteomalacia. Enrichment analysis for the 14 variants was conducted using the database for Annotation, Visualization and Integrated discovery tool (Fig. 3) . The amino acids at the mutation sites are highly conserved in the 8 different species. Variants found in the present cohort in known reported disease-related genes (PHEX and DMP1) are further discussed in Table VI .
Confirmation of PHEX and DMP1 gene mutations. The
Sanger sequencing results for the PHEX and DMP1 gene mutation sites were consistent with the targeted NGS sequencing results (Fig. 4) . The c.304G>A mutation of the PHEX gene was found in patient 1 and his mother (I2). The c.1294A>T mutation of the PHEX gene was found in patient 2 and three affected individuals (I2, II1, and II3). The c.1332G>A mutation of the PHEX gene was found in patient 3 and her mother (I2). The c.1645c>T mutation of the PHEX gene was found in patient 4 and her mother (I2). The c.1699c>T mutation of the PHEX gene was found in patient 5 and her mother (I2). The c.2192T>c mutation of the PHEX gene was found in patient 6 and her father (I1). The c.614G>c mutation of the PHEX gene was found in patient 7 and his mother (I2). The homozygous c.730G>T mutation from the DMP1 gene was found in patient 8, although both of his parents were heterozygous carriers. In family 8, although the family chart included 4 generations, only the proband and his parents were tested, because dNA samples could not be obtained from the grandparents (Fig. 1) . No mutations were detected in the phenotype-normal family members of the other 7 families or the 100 ethnic-matched control individuals. The c.304G>A mutation, c.2192T>c mutation and c.614G>c mutation of the PHEX gene were predicted to most likely be damaging (PolyPhen scores of -2.146, -6.637, and -1.379, respectively). The amino acids at these mutation sites are highly conserved in the 8 different species.
Serum FGF23 levels. Serum FGF23 levels were not normally distributed in either the normal controls or the hypophosphatemic rickets/osteomalacia patients. The median value for intact serum FGF23 levels in the 100 healthy individuals was 39.83 pg/ml, and the 25 and 75th percentiles were 25.82 and 93.69 pg/ml, respectively. For the patients with hypophosphatemic rickets/osteomalacia, as presented in Table II , the median value for intact serum FGF23 levels was 38.29 pg/ml, and the 25 and 75th percentiles were 22.09 and 89.55 pg/ml, respectively. The serum FGF23 levels exhibited a wide variation in the patients with hypophosphatemic rickets/osteomalacia, and no significant differences were found compared with those of the normal controls.
Discussion
All of the selected patients displayed typical hypophosphatemic rickets/osteomalacia phenotypes, and seven patients had family histories of the disease. Laboratory analysis of the patients' sera revealed low phosphorus levels, normal calcium levels and elevated ALP levels. 18 F-FdG PET/cT and 99mTc-OcT scintigraphy were performed on 10 and 20 of the patients, respectively. In addition, the FGF23 levels were normal. currently, there is no evidence that these subjects have the potential to have TIO.
In the present study, a diagnostic panel was described for the molecular diagnosis of hypophosphatemic rickets/osteomalacia. Followed by massively parallel sequencing, the target genes were enriched through a solution-based oligonucleotide probe hybridization capture approach. In total, 196 genes were simultaneously sequenced with deep coverage. Using this method, mutations in common genes (PHEX and DMP1) were identified in eight subjects with hypophosphatemic rickets/osteomalacia without prior molecular testing.
PHEX gene mutations in the chinese population have been repeatedly reported; for example, we have previously reported The allele frequencies were obtained based on the Exome Aggregation consortium database. Mutation deleterious predictions for these mutations were performed using SIFT, PolyPhen2, and MutationTaster; at least 2 methods predicted a damaging effect. De, deleterious (sift≤0.05); T, tolerated (sift>0.05); Dm, probably damaging (≥0.957); P, possibly damaging (0.453≤pp2_hdiv≤0.956); B, benign (pp2_hdiv≤0.452); Di, disease-causing.
several cases (19, 21, 25) . By contrast, DMP1 gene mutations have not been reported in the chinese population, although one DMP1 mutation has been reported in a Japanese subject. In 2010, Koshida et al (26) identified a novel homozygous nonsense mutation (98G>A, W33X) in the DMP1 gene from a Japanese family with autosomal recessive hypophosphatemic rickets.
All of the patients included in the present study had typical osteomalacia or rickets symptoms and low serum phosphorus levels. Fourteen heterozygous variants were identified, four of which were novel. These variants are in the following 12 genes: SFRP4, FBN3, CYP1A1, ARID2, OTOL1, DOCK6, PDGFRB, SLC20A1, ITGB4, NCAPG, PDGFA, and ZNF184. The amino acids at these mutation sites are highly conserved in the eight different species. Among the 14 variants, two of the genes, SLC20A1 and PDGFRB, are of predominant interest. SLC20A1/PiT1 (OMIM 137570), a member of the SLc20 family of sodium-coupled Pi transporters, has been considered a putative Pi transporter in bone for a long time. Notably, SLC20A1 has been proved to be upregulated in osteoblastic cells at the initial stage of mineralization. However, the physiological role of SLC20A1 in bone remains unclear. The discrete expression of SLC20A1 in apoptotic hypertrophic chondrocytes late in development is consistent with an apoptosis-related and Pi transport-independent function of SLC20A1 in bone (27) . Low levels of SLC20A1 could modulate the destiny of hypertrophic chondrocytes at the mineralization front. In the present study, a heterozygous c.1684A>T mutation (p.I562L) was identified in a patient in the SLC20A1 gene. The patient was a 13-year-old boy whose clinical features consisted of an abnormal gait, delayed dentition, spinal double concave, and genu extroversion with an 'X' appearance. The PDGFRB gene (OMIM 190040) encodes a cell surface tyrosine kinase receptor for members of the platelet-derived growth factor family. The PdGFB-PdGFRB pathway seems to be related to phosphate-induced calcifications in vascular smooth muscle cells by regulating the expression of the phosphate transporter SLC20A1 (28) . Currently, it is recognized that calcification of vascular smooth muscle cells occurs via a process similar to that of normal bone formation. In the present study, a heterozygous c.541G>A (p.G181S) mutation was identified in a patient in the PDGFRB gene. The patient was a 54-year-old woman who had a short stature, mild genu varum, and bilateral femoral pseudofractures. Further experiments to confirm these two heterozygous mutations among more hypophosphatemic rickets/osteomalacia patients will be performed in the future. In addition, functional studies investigating these mutations should be performed to elucidate the complex relationships between genotype and phenotype.
Following enrichment analysis, a total of 16 pathways reached a nominal P<0.05 (Fig. 3) . The majority of the pathways were not related to bone metabolism. The WNT-signalling pathway is of the most interest. Wnt signals are known to affect the differentiation of osteoblasts. Osteoblasts are the predominant functional cells of bone formation and are responsible for the synthesis, secretion and mineralization of bone matrix. Hypophosphatemic rickets/osteomalacia is a disease characterized by impaired mineralization of bone matrix. Therefore, it can be hypothesized that the Wnt signalling pathway may be related to the pathogenesis of hypophosphatemic rickets/osteomalacia. Its mechanism remains to be revealed by future research.
The present study had several limitations that should be acknowledged. First, when selecting the target sites, the consideration was not comprehensive enough, thus omitting some important genes, such as α-Klotho, the co-receptor for FGF23. Overexpression of α-Klotho, both in humans and mice, has been demonstrated to lead to hypophosphatemia (29) . Second, our sample size was not very large, with 86 hypophosphatemic rickets/osteomalacia patients included in the present study. In addition, dNA samples from most unaffected family members were not collected, and thus parental testing of the 14 heterozygous variants was not performed. Third, except for common genes (PHEX and DMP1), other homozygous mutations were not discovered in the present study. Hence, the sample size should be enlarged and complete family member data should be collected in the future. Furthermore, with the quick development of NGS, the cost will be further reduced, and whole exome sequencing technology may be directly used to explore the pathogenic genes in these patients.
In conclusion, the present study extended the spectrum of mutations in the PHEX and DMP1 genes that cause hypophosphatemic rickets/osteomalacia. Additionally, the results suggested that heterozygous mutations in other candidate genes might also contribute to this disease. These assumptions must be validated by further sequencing projects and functional tests. However, the current study demonstrated that the present diagnostic platform can successfully be used in the clinical setting for the accurate and rapid molecular diagnosis of patients with hypophosphatemic rickets/osteomalacia. Future directions would include the incorporation of additional genes into the existing panel and the design of new panels that target other causes of skeletal dysplasia.
